ABSTRACT: The in vivo kinematic characteristics of the tarsal joints during gait stance phase were still unclear in adult-acquired foot deformity (AAFD). This study included seven healthy subjects (14 feet) and 12 stage II AAFD patients (14 feet). The 3D models of tarsal bones were reconstructed based on CT scan. Each subject took standard gait on the single fluoroscopy system. Continuous lateral fluoroscopic images were collected. The key postures during the stance phase were selected. The 2D-3D registration technique was applied to explore the spatial motions of the tarsal joints in 6 degrees of freedom (DOF). During the whole stance phase, the AAFD talo-navicular joint (TNJ) exhibited ROM of 13 AE 6˚in the sagittal plane while the normal subjects showed ROM of 7 AE 3˚(p ¼ 0.004). In AAFD, the subtalar joint (STJ) demonstrated 19 AE 8˚and 7 AE 3˚of motion in coronal and horizontal plane, respectively, while the normal subjects showed 14 AE 4˚(p ¼ 0.031) and 11 AE 3˚(p ¼ 0.014) of motion, respectively. Additionally STJ of AAFD patients showed significantly less dorsiflexion during the weight acceptance and showed significantly less external rotation both during the weight acceptance and single limb support of stance phase. In conclusion, for stage II AAFD patients, the talonavicular joint and the subtalar joint showed hypermobility in dorsi/planterflexion and inversion/eversion, respectively, during the gait stance phase while the internal/ external rotation of the subtalar joint was reduced. The current study improves our understanding of the pathological kinematics of the tarsal complex in AAFD patients. Notice should be taken about these tarsal joints mobility in AAFD during clinical practice. ß
Adult-acquired flatfoot deformity is a complicated foot deformity which characterized by forefoot abduction, loss of medial arch height, and hindfoot valgus. 1 The posterior tibial tendon dysfunction (PTTD) is the most common reason for the AAFD deformity. 2, 3 In 1989, Johnson and Strom set a three-stage classification for AAFD. 4 Based on this classification, stage II AAFD is regarded as a significant stage transitioning from flexible to rigid deformity. [4] [5] [6] It has been shown that AAFD is closely related to damage of normal kinematics of tarsal joints. [7] [8] [9] [10] The tarsal complex is mainly comprised of three joints, referred to as the subtalar joint (STJ), the talo-navicular joint (TNJ), and the calcaneo-cuboid joint (CCJ). 11 Kido et al. 12 reported that the TNJ and STJ in AAFD patients show significantly more eversion than the healthy subjects when moving from non-weightbearing to full weightbearing. Zhang et al. 13 demonstrated that under a simulated full-body weightbearing condition, the TNJ and STJ in AAFD patients show more eversion as well. Meanwhile STJ also showed significantly more dorsiflexion. But these kinematic data obtained under static condition still cannot present the tarsal joint motions during the dynamic gait stance phase in stage II AAFD patients.
Chimenti et al. 14 and Tome et al. 15 measured the rearfoot and forefoot motions during the dynamic gait stance phase based on the skin marker motion analysis system and also found increased mobility of the rearfoot and forefoot in the AAFD patients. Nonetheless, the skin markers were unable to capture the motion of the talus because it is completely enclosed by other bony structures.
In our earlier studies, the effectiveness and accuracy of the single plane 3D to 2D registration technique was verified. Meanwhile, we investigated the in vivo 6 degrees of freedom (DOF) motions of each tarsal joint during the stance phase of normal gait. Our earlier research revealed that the TNJ exhibited the greatest rotational mobility among the tarsal joints. Synchronous and homodromous rotational motions of the TNJ, STJ, and CCJ were detected during the stance phase. The objective of this study was to compare the in vivo motions of the tarsal joints during normal gait between stage II AAFD patients and normal subjects. Our hypothesis was that compared to the normal subjects, the tarsal joints of AAFD patients would associate with greater motions in the sagittal and coronal plane.
MATERIALS AND METHODS

Subject Characteristics
Seven healthy subjects (four males and three females, 14 feet) and fifteen patients with flatfoot (six males and nine females, 17 feet) were initially recruited for the present study. The seven healthy subjects in the current study were the same individuals as in our previous study. 16 The healthy subjects declared no traumatic or surgical history of the lower limbs, and they were examined by two experienced foot and ankle surgeons. The AAFD subjects were also diagnosed by the two surgeons according to the classification system described by Johnson and Strom. 4 Three flatfoot patients (one male, two female) were excluded because they refused to take the required radiographs. All selected subjects signed the informed consent form approved by the Institutional Review Board (IRB) of Huashan Hospital. Table 1 shows the subject characteristics in each group.
CT Scans, 3D Model Reconstruction, and Single Plane Fluoroscopic Imaging Collection Computed tomography (CT) scanning was performed for each tested leg (Light Speed, GE), spanning from 10 cm above the ankle joint to the bottom of the heel. A walking brace was used to fix the ankle and foot in the neutral position during CT scanning. The 3D models of the tarsal bones were created by the 3D reconstruction software (Amira 5.3.2, Visage Imaging, Inc., Berlin).
To facilitate the subsequent comparison, a local coordinate system was established. The axes of the local coordinate system was defined as x, y, z and were the axes of dorsiflexion/plantarflexion, inversion/eversion, and internal/ external rotation, respectively. The direction of x, y, z axes were aligned with the X, Y, and Z axes of the global coordinate system (Fig. 1) .
This local coordinate system was assigned individually to each of the tarsal bones as their bone fixed local coordinate system. The origins of all the bone fixed local coordinate system in the neutral reference position (the spatial positions of the bones during CT scanning were regarded as their neutral reference positions) were all located at the geometric centroid of the talus (Fig. 1) . Thus, all of the assigned bone fixed coordinates coincided at the neutral reference position. The bone-to-bone angles and translations were obtained by taking the xyz local coordinate decomposition of the relative transformation of the distal bone fixed coordinate system with respect to the proximal bone fixed coordinate system. The positive-negative value of a motion surrounding a specific axis were all based on the right-hand rule. Such unified coordinate system facilitated the kinematic comparisons between the tarsal joints and was also recommended by Okita. 17 In our earlier research, we had already built the single plane fluoroscopic system that consisted of a fluoroscopy (BV ENDURA, Phillips Medical) and an adjustable operating table to accommodate the height of the X-ray beam. Fluoroscopic images were collected with pulse width of 8 ms, resolution of 1,024 Ã 1,024, and an image intensifier diameter of 12 inches.
The subjects maintained a walking speed of approximately 1 m/s on a 3.5 m length table. The self-controlled paces were measured with a metronome. The fluoroscopy was positioned horizontally and captured lateral views of the tarsal joints at 30 Hz. Meanwhile, a high-speed camera was started synchronously with the fluoroscopy to take photos at a speed of 3,000 Hz.
Image Selection and 3D to 2D Registration
To facilitate further analysis, we picked the fluoroscopic images of seven key poses during the stance phase. These images were selected based on the high-speed camera pictures and were key poses during the stance phase. The seven poses are described in Figure 2 . We divided the whole stance phase into three periods, which were the weight acceptance (from pose 1 to pose 3), the single limb support (from pose 3 to pose 5), and the advancement of the limb (from pose 5 to pose 7).
We used FluoMotion software (Innomotion Inc., Shanghai) to conduct the 3D to 2D registration. Fluoroscopic images as well as the 3D models of the talus, calcaneus, navicular, and cuboid were imported into the software and the subsequent registration procedures in the software were semi-automatic. The bone models were manually matched with the bone outlines on the fluoroscopic image and then automatically adjusted through the optimization algorithm (Fig. 3 ) 16, 18 . The 6DOF spatial positions and orientations of a given bone, along with the 6DOF joint motions could then be determined. The kinematics of the STJ were defined as the motion of the calcaneal fixed coordinate system relative to the talar coordinate system. Other tarsal joint (TNJ, CCJ) kinematics were also defined by the same method as the The local coordinate system for tarsal complex in a right foot. The origin of each local coordinate system is located at the geometric centroid of the talus. The X axis is defined as a line passing through the origin and its direction is pointed from medial to lateral. The Z axis is directed from inferior to superior and the Y axis was directed from posterior to anterior. a stands for dorsiflexion (þ), b stands for inversion (þ), and g stands for internal rotation (þ).
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motion of the distal bone's fixed local coordinate system with respect to the proximal bone's fixed coordinate system. 16, 18 We have reported that the in-plane translational and rotational errors of the single plane 2D-3D registration were less than 0.5 mm and 1.0˚, respectively. The out-plane maximum translational and rotational error was 2.5 mm and 1.8˚, respectively. 15 The single-plane registration technique was appropriate for the in vivo kinematic analysis of the tarsal joints. 19, 20 Statistical Analysis The joint ROM of each subjects in one group was defined as ROM1, ROM2. . .ROM14. For each joint and each DOF, the mean range of motion (ROM) during the whole stance phase in one group was defined as (ROM1 þ ROM2 þ . . . Statistical analysis was conducted using SPSS 17.0. Both the ROM data and the Average Angle Difference data were checked first by Kolmogorov-Smirnov tests and both of them did not met the normal distribution criterion Therefore, all data were statistically analyzed by Mann-Whitney U tests. Differences were considered statistically significant when p < 0.05.
RESULTS
The mean ROMs of the tarsal joints during the stance phase are listed in Table 2 . During the stance phase, Figure 2 . seven key poses during the stance phase: (A) preparation for heel strike of the tested side and heel-off of the contra-lateral side; (B) heel strike of the tested side; (C) mid-stance of the tested side and toe-off of the contra-lateral side; (D) mid-stance of the tested side and swing phase of the contra-lateral side; (E) heel off of the tested side and preparation for heel strike of the contra-lateral side; (F) heel strike of the contra-lateral side; (G) toe-off of the tested side and mid-stance of the contra-lateral side. PATHOLOGICAL KINEMATIC PATTERNS OF TARSAL COMPLEX the TNJ ROM in the sagittal plane (dorsi/plantarflexion) was 13 AE 6˚in the AAFD patients and 7 AE 3˚in the normal subjects (p ¼ 0.004). The STJ ROM in the coronal plane (inversion/eversion) was 19 AE 8˚in the AAFD patients and 14 AE 4˚in the normal subjects (p ¼ 0.031). However, The STJ ROM in horizontal plane (internal/external rotation) was significantly less in the AAFD group (7 AE 3˚) than in the normal group (11 AE 3˚, p ¼ 0.014). For the CCJ, no significant difference of ROM was found between the AAFD and normal group.
Furthermore, during the weight acceptance phase and the single limb support phase, the STJ of the AAFD group exhibited significantly less external rotations (p ¼ 0.003, 0.019, respectively) than the normal group. During the limb advancement phase, the STJ of the AAFD demonstrated significantly less internal rotation (p ¼ 0.002) than the healthy subjects (Fig. 4) .
DISCUSSION
Some previous studies had investigated tarsal joints complex kinematic pathologies in AAFD patients. Kido et al. 12 and Zhang et al. 13 evaluated the 6DOF rotations of each tarsal joint in the hindfoot from nonweightbearing to full weightbearing and compared between healthy feet with flatfeet by analyzing the reconstructive three-dimensional CT image data. Both of their results showed that from the non-weightbearing to the weightbearing condition, significantly more eversion of the TNJ in the AAFD patients existed during loading. Zhang et al. 13 additionally demonstrated significantly increased dorsiflexion of TNJ in AAFD patients.
Chimenti et al. 14 investigated the foot and ankle kinematics in AAFD patients during gait stance phase by motion analysis system and found a significantly greater forefoot abduction and a trend toward increased rearfoot eversion in AAFD patients. Tome et al. 15 and Saraswat et al. 21 measured the foot and ankle motions in a similar condition and found significantly greater rearfoot eversion and increased midfoot joint dorsiflexion and pronation, respectively.
The data in present study support the previous findings and further demonstrated that during dynamic gait, the AAFD patients also associated with increased motion of the TNJ and STJ in sagittal and coronal plane, respectively. Additionally, it is the first report of the calcaneal-cuboid joint kinematics and there is no significantly difference between the normal and AAFD group. Many clinical studies had described the characteristics of flatfoot, including forefoot abduction, loss of medial arch height and hindfoot valgus. 22, 23 The abnormal activity of these joints in AAFD may be due to dysfunction of the tibialis posterior tendon, loss of the windlass mechanism of the plantar fascial, or injuries to the medial ligament complex (deltoid ligament, spring ligament, or talonavicular capsule) 24, 25 (Fig. 5) . However, we also demonstrated that the STJ in AAFD patients has significantly less motion in the horizontal plane. Similar results have not been reported before and the reason for the decreased motion may be that the normal internal/external rotation of STJ is partly replaced by the pathological motion on coronal plane.
The joint ROM data in our study were larger than some previously reported data. Zhang et al. 13 showed that the TNJ and the STJ of AAFD patients had 6.2 AE 0.3˚and 3.8 AE 0.6˚of eversion from the nonweightbearing to loading condition. Kido et al. 12 reported that under loading conditions, the flatfoot everted more in the TNJ (5.0 AE 2.8˚vs. 2.5 AE 2.4˚) and STJ (3.5 AE 1.7˚vs. 1.7 AE 1.7˚) compared with the healthy foot. In the current study, we found that the TNJ and the STJ had 25 AE 8˚and 19 AE 8˚of eversion during the stance phase in AAFD patients.
The larger ROMs in the present study may related to the different experimental conditions compared to the previous studies. Wang et al. 26 investigated hindfoot motion during a treadmill gait and they reported that the coronal plane ROM of STJ during the toe-off phase was 15.51 AE 3.80˚. The ROM data was more comparable to the results of current study since both studies focused on a dynamic gait. Additionally, the subjects in our experiment were only stage II AAFD patients.
Recently, clinical researches [27] [28] [29] have reported satisfactory results when using double joint arthrodesis (TNJ þ STJ) instead of triple arthrodesis for the treatment of severe AAFD. Preservation of the CCJ reduced the risk of the postoperative lateral column pain. 30, 31 The current study also found that the main pathological kinematics existed in the TNJ and STJ in AAFD patients, and therefore from the kinematic perspective, we also support the application of double arthrodesis (TNJ þ STJ) when the CCJ has not been involved in the primary disease.
There are some limitations in the present study. First, out-image plane errors will decrease the accuracy of data collected by the single plane 3D to 2D image registration technique. However, we verified in our procedure that such errors had been controlled to be around 2 mm and 2˚. Thus, it was appropriate for the current kinematic analyses. Second, we included stage II AAFD patients in the current study, but we did not further distinguished stage II A (without forefoot abduction) and stage II B (with forefoot abduction) deformities, which may affect the generalizability of our results. However, we believe that the current research improves our understanding of the kinematic etiology of adult flatfoot deformity.
CONCLUSION
For stage II AAFD patients, the talonavicular joint exhibited significantly greater mobility in sagittal planes and the subtalar joint showed significantly larger mobility in the coronal plane but significantly less mobility in the horizontal plane during the gait stance phase. The current study improves our understanding of the pathological kinematics of the tarsal complex in AAFD patients.
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